Background data: The presence of Streptococcus mutans and Lactobacillus acidophilus in dental structure is an indicator of a cariogenic biofilm. Photodynamic therapy is a technique that involves the activation of photosensitizers by light in the presence of oxygen, resulting in the production of reactive radicals capable of inducing cell death. Reduction of bacteria levels can provide additional means of preventing dental caries. Objective: The present study evaluated the susceptibility of planktonic cultures of S. mutans (ATCC 25175) and L. acidophilus (ATCC-IAL-523) from the Adolfo Lutz Institute (IAL) to photodynamic therapy after sensitization with curcumin and exposure to blue light at 450 nm. Methods: Bacterial suspensions of S. mutans and L. acidophilus isolated (as single species) and combined (multspecies) were prepared and then evaluated. Four different groups were analyzed: L-D-(control group), L-D + (drug group), L + D-(light group), and L + D + (photodynamic therapy group). Two different concentrations of curcumin were tested (0.75 and 1.5 g/L) associated with a 5.7 J/cm 2 light emission diode. Results: Significant decreases ( p < 0.05) in the viability of S. mutans were only observed when the bacterial suspensions were exposed to both curcumin and light. Then, reductions in viability of up to 99.99% were observed when using 1.5 g/L of the photosensitizer. The susceptibility of L. acidophilus was considerably lower (21% and 37.6%) for both curcumin concentrations. Conclusions: Photodynamic therapy was found to be effective in reducing S. mutans and L. acidophilus on planktonic cultures. No significant reduction was found for L-D + , proving the absence of dark toxicity of the drug.
Introduction

D
ental plaque is the biofilm found naturally on teeth. It is implicated in dental caries, which is associated with shifts in the microbial balance of the biofilm, resulting in increased proportions of acid-producing and acid-tolerating bacteria, especially Streptococcus mutans and lactobacilli. 1 S. mutans, gram-positive aerotolerant anaerobic bacteria, are considered the most cariogenic microorganisms in dental biofilm because of their capacity to use dietary carbohydrates to synthesize extracellular polysaccharides (EPS) and because of their acidogenic and aciduric properties. EPS are important virulence factors of S. mutans because they promote bacterial adherence to the tooth surface, which contributes to the structural integrity of dental biofilms and increases enamel demineralization. 2, 3 Various authors have identified species of lactobacilli found in carious tissues. [4] [5] [6] [7] Although the adhesive properties of lactobacilli are not remarkable, it has been shown that they were also able to adhere to various cell cultures involving a certain level of specificity. 8 This specificity is related to the lactobacilli protein S-layer in the cell surfaces, which has a crystalline structure responsible for the surface hydrophobicity. This characteristic could promote the ability of the bacterial surface hydrophobicity to adapt to environmental changes. [8] [9] [10] [11] The best known determinants of cariogenicity in lactobacilli are their capacity to produce acids and their ability to grow and survive in an acidic environment. [12] [13] [14] [15] The presence of S. mutans and Lactobacillus acidophilus in dental biofilm has been used as an indicator of cariogenic biofilm. Reducing the levels of these bacilli in the oral cavity will provide additional means for the prevention of dental caries. 16, 17 Recently, alternatives that might offer the possibility for efficient reduction of cariogenic microorganisms and, consequently, make a feasible control of dental caries are being sought. [18] [19] [20] [21] Under these circumstances, photodynamic therapy (PDT) may be a possible new approach for caries treatment.
PDT is based on the principle that a photoactivatable substance (the photosensitizer) is bound to the target cell and can be activated by light of a suitable wavelength. During this process, oxygen species, such as singlet oxygen and free radicals, are formed, which then produce an effect that is toxic to the cell. To have a specific toxic effect on bacterial cells, the respective photosensitizer needs to be selective for certain prokaryotic cells. By irradiation with light in the visible range of the spectrum, the photosensitizer is excited to its triplet state, and the energy is transferred to the molecular oxygen. Highly reactive singlet oxygen capable of reacting with biological systems and destroying them is formed. 22, 23 PDT represents an alternative antibacterial, antifungal, and antiviral treatment for drug-resistant organisms. [24] [25] [26] [27] [28] It is not likely that bacteria would develop a resistance to the cytotoxic action of singlet oxygen or free radicals. 24 PDT might be an excellent alternative to decrease the population of cariogenic microorganisms and to control dental caries. The relative simplicity of the mechanism to activate photosensitizers has led to a considerable interest in this therapeutic method. The effectiveness of PDT against oral bacteria has been the subject of several studies. 26, 27, 29, 30 However, none of those studies used curcumin as a photosensitizer to kill cariogenic bacteria.
Curcumin, a compound isolated from Curcuma longa L., has been used for centuries as a medicine, a dietary pigment, and as a spice. The drug has a variety of traditional pharmaceutical applications, 31, 32 including treatment of liver diseases, wounds, and inflamed joints, as well as for blood purification and microbial effects. 33 Curcumin has proven nontoxic in a number of cell cultures and animal studies. It has a rather broad absorption peak in the 300-500 nm range (maximum *430 nm) and exerts potent phototoxic effects in micromolar amounts. Therefore, curcumin has the potential for use as a photosensitizer for treatment of localized superficial infections in the mouth or on the skin. [34] [35] [36] [37] The objective of the present study was to evaluate the photodynamic effects of curcumin on planktonic cultures of S. mutans and L. acidophilus using a blue light emitting diode (LED) with a central wavelength of 450 nm and curcumin as a photosensitizer. We also evaluated the synergism of both pathogens when they had been exposed to photodynamic inactivation.
Materials and Methods
Photosensitizer
A curcumin salt prepared by PDT-Pharma (Cravinhos, SP, Brazil) was dissolved in sterile distilled water to get solutions at concentrations of 0.75 and 1.5 g/L.
The ultraviolet-visible (UV-Vis) absorption spectra of this solution were recorded from 300 to 700 nm using quartz cuvettes with a 1 cm path length on a Cary 50 Bio UV-Vis spectrometer (Varian, Darmstadt, Germany), and they were characterized by a long wavelength maximum at 430 nm ( Fig. 1 ).
Light source
A blue LED (Edixeon Ò , Edison Opto Corporation, New Taipei City, Taiwan) with an intensity of 19 mW/cm 2 (real intensity in the solution for each well and *6% of plastic absorption of light already deducted), a central wavelength of 450 nm, and an estimated average fluency of 5.7 J/cm 2 was used. The system, which is composed of 96 LEDs, is able to uniformly deliver irradiation without causing a heating effect (because of the presence of a cooler on the sides). The distance between the LED and the plate was designed to evenly distribute the light on each well, and all the internal surfaces were mirrored (Fig. 2) . The power density of the incident radiation was measured using a power meter (Coherent Ò , Santa Clara, CA).
Microorganisms
Two common cariogenic pathogens were used in this study: S. mutans (ATCC25175) and L. acidophilus Sterile containers with 35 mL of bacterial suspensions (10 8 / mL) were vortexed for 2 min to disperse the cells. Then, 100 lL of culture aliquots and 100 lL of curcumin solution were placed in the wells of 96-well plates for 5 min before they were exposed to light (incubation time). After drug incubation, the plates were placed in special equipment (see Fig. 2 ) where only blue light was delivered for 5 min. The final drug concentrations used were 0.75 and 1.5 g/L; however, when 100 lL of curcumin solution was added at culture aliquots (100 lL), each curcumin concentration was adjusted (1.5 and 3.0 g/L) to have the final solution of 0.75 and 1.5 g/L.
The light exposure was done from below with an irradiance of 19 mW/cm 2 for each well and a fluence of 5.7 J/cm 2 . All plates were kept closed using fitted polystyrene lids to maintain the sterility of the culture during the illumination, and the plastic absorption of the light was deducted. After illuminating the appropriate wells, serial dilutions of the contents of each well were prepared in BHI broth, and 100 lL aliquots were spread over the surfaces of the blood agar plates and then incubated under microaerophilic conditions for 72 h.
Groups L-D-and L-D + were kept in the plates at room temperature in the dark, covered with aluminum foil, for the same time as the irradiation time, and Group L + D-was irradiated with blue light from the diode laser for 5 min at room temperature in the absence of the drug. Three wells per group were used in each experiment and three repetitions were performed.
Statistical analysis
The Statistical Package for Social Sciences (SPSS, Chicago, IL, 2006), version 13.0, was used to process the data. Differences between means were analyzed for statistical significance by one-way ANOVA. The Tukey test was chosen to evaluate the significance of all pairwise comparisons with a significance limit of 5%.
Results
The data are reported as the mean of a triplicate measurement. Survival fractions in each well were calculated by counting the colonies on the plates (L + D + ) and dividing these by the number of colonies from the control group (L-D-).
The effects of PDT on planktonic cultures of S. mutans and L. acidophilus can be seen in Fig. 3 , and show that the group that used curcumin followed by blue light illumination (L + D + ) contained a significantly lower number of bacteria ( p < 0.05) than did any other group. Reductions of 54% and 91% were obtained for 0.75 and 1.5 g/L, respectively. Differences among mean survival fractions for the other groups were quite low. Figure 4 shows the effect of the exposure of the S. mutans suspension to 0.75 g/L curcumin and subsequent illumination with light, resulting in a 68% reduction ( p < 0.05) of viable cells. When the curcumin concentration was 1.5 g/L, a decrease of 100% for the bacterial survival fraction was obtained ( p < 0.05).
A small reduction of 21% was observed when L. acidophilus suspension was exposed to 0.75 g/L curcumin and subsequently illuminated with light ( p > 0.05). However, at a curcumin concentration of 1.5 g/L, a slightly higher reduction of 37.6% ( p < 0.05) was observed (Fig. 5) . Moreover, the 
Discussion
Numerous studies have demonstrated the success of PDT against oral bacteria, 26,27,29-32 but none of these studies evaluated the susceptibility of S. mutans and L. acidophilus to PDT using curcumin as a photosensitizer. The results of this study show that curcumin in combination with blue light had a phototoxic effect on S. mutans and L. acidophilus. Similar results have been shown in previous studies using different photosensitizers on oral bacteria. [38] [39] [40] [41] One of the main observations made during the first tests to photoinactivate bacteria with conventional photosensitizers was the relative sensitivity of gram-positive strains to photodynamic inactivation. 24 This sensitivity was confirmed in our study. Additionally, we observed that the photodynamic effect was dose dependent for different curcumin concentrations (Fig. 6 ). Bacterial reductions of 68.37% and 99.91% were obtained for S. mutans and reductions of 20.96% and 37.61% were obtained for L. acidophilus when curcumin was used at 0.75 and 1.5 g/L, respectively.
For single species of S. mutans, total elimination with 100% efficacy was obtained with curcumin at 1.5 g/L after irradiation with blue light (Fig. 4) . Despite the achieved reduction ( p < 0.05) of L. acidophilus, under the same assay conditions as for S. mutans, PDT had a lower effect on cell viability (Fig. 5) . L. acidophilus, tested as a single species and using the same concentrations of curcumin, was less susceptible to PDT than was S. mutans.
Exposure to oxygen has a profound effect on the phenotypic properties of S. mutans, which in turn directly impact the virulence of this pathogen. 42 According to Ahn and Burne, 43 exposure of S. mutans to oxygen inhibits a biofilm formation on polystyrene surfaces and induces changes in the cell surface protein profiles. Exhibiting distinctive phenotypic properties, the organisms tend to react differently to antimicrobial agents or to photosensitizer drugs. The oxygen modulates the expression of a variety of genes in S. mutans, many of which participate in the formation of a biofilm or can contribute to virulence in some other way. 44 It is known that during photodynamic inactivation, a number of reactive oxygen species (ROS) are generated. S. mutans responds to environmental stresses caused by oxidation, heat, acidity, and salinity or by specific or coordinated regulations of the protein levels. 45 Different forms of life, macroscopic or microscopic, respond to oxidative stress in very similar ways, mainly by trying to neutralize free radicals through enzymes with catabolic activity. The success of this approach varies according to microbial genomic contribution and physiological state. S. mutans lack cytochromes and catalase, the production of which is an inherent feature of the species when in an aerobic environment. However, S. mutans have facultative behavior, thanks to Nox1 and Nox2 genes that codify NADH oxidases 46 and possess other antioxidant enzymes, such as superoxide dismutase (SOD) and other peroxidases, which undergo a significant enhancement upon oxygen exposure of the bacterium. The superoxide anion is usually neutralized by the enzyme superoxide dismutase, produced by S. mutans and other oral streptococci. 47 However, even though they have complex defense mechanisms that protect S. mutans against injuries to which it is habitually exposed in the oral cavity, according to our results, these mechanisms were not effective for their survival against the stress induced by PDT.
The regulation of SOD activity in bacterial cells is very complex. We can hypothesize that oxidative stress-associated toxicity is a result of cell wall and bacterial membrane damage, which leads to loss of cell viability. 48 In our study, we can speculate that apart from the singlet oxygen and the superoxide anion, other ROS may have been generated during the photosensitizer-mediated photodynamic processes, which could affect the SOD regulatory pathways.
However, the lower photodynamic effects of the photosensitizer on the lactobacilli were probably affected by the presence of serum proteins in the BHI broth. 26, [49] [50] [51] In the present study, curcumin was dissolved in BHI broth, because proteins from both saliva and gingival crevicular fluid would also reduce the effect of the photosensitizer in the hypothetical case of its in vivo application. 26 The use of the drug alone (L-D + ) or the light alone (L + D-) did not lead to a significant reduction in the colony-forming unit (CFU) count ( p > 0.05) of any of the microorganisms. A significant reduction of single species of L. acidophilus and S. mutans and for a combination of both only occurred when PDT was applied (L + D + ). Our findings corroborate those of other studies aimed at reducing microbial activity by using PDT. 27, 29, 31, 32, 52 As the primary odontopathogen present in the supragingival plaque, S. mutans is closely related to enamel caries. Lactobacilli generally colonize after S. mutans have exposed the dentino-enamel interface, and they are often cultured from established carious lesions. Consequently, patients with low S. mutans population levels in their oral cavities generally have low caries activity. 53 Caries reduction, therefore, has still to be balanced against increasing primary pathogen colonization by organisms such as S. mutans. 54 Our investigation into the efficacy of PDT on planktonic cultures of S. mutans and L. acidophilus showed that PDT can kill cariogenic pathogens. Under certain conditions, it was possible to completely kill S. mutans and reduce L. acidophilus.
It has been known that bacteria within biofilms are more resistant to antimicrobial therapy 29, [55] [56] [57] [58] than are microorganisms in an isolation planktonic environment. However, the selectivity of S. mutans reduction observed here in the planktonic phase may recommend curcumin as a photosensitizer, establishing PDT as one of the strategies for caries treatment and prevention. Moreover, our results presented different vulnerability for PDT when microorganisms were in multiple or single species. Further investigation is also prompted by the surprising results of experiments with L. acidophilus, which showed more resistance to PDT than did S. mutans. In this way, studies will be conducted also in biofilms to clarify the required parameters. The results achieved in this study were the first step toward identifying the susceptibility of these pathogens to curcumin-based photodynamic therapy.
Conclusions
In conclusion, the results of this study showed that S. mutans and L. acidophilus were both susceptible to curcumin in the presence of blue light, but to a different extent. The results of this study suggest that the technique described may be useful for treatment of caries-related diseases, especially when an S. mutans reduction must be achieved.
